A long lasting controversy on the nature of the reaction between liquid, Al and Al 45 Cr 7 has been ended by planar front solidification experiments of Al-Cr alloy in a Bridgman furnace. Cr depletion in the liquid ahead of the quenched planar interface proves without any ambiguity that the invariant reaction on the Al-rich side of the Al-Cr phase diagram is peritectic. A value of the diffusion coefficient of Cr in liquid Al, D ' ¼ 2:4 Â 10 À9 m 2 =s, was also deduced from the solute composition profile measured in the quenched liquid.
Introduction
The binary Al-Cr system has been studied by many authors because of the existence of several structurally complex phases on the Al-rich side of the phase diagram [1] [2] [3] [4] . For example, Al 45-Cr 7 (or Al 13 Cr 2 , or Al 7 Cr), Al 11 Cr 2 (or Al 5 Cr) and Al 4 Cr are some of the known complex phases that exist in this region. The crystal structures of these intermetallic phases are similar and produce closely similar diffraction patterns [5] [6] [7] . They are described in terms of an arrangement of icosahedral clusters and have a close relation with the structure of an icosahedral quasicrystal Al 4 Cr, which can form under rapid solidification conditions [1] . At lower Cr content, this phase reacts peritectically with the melt to form Al 11 Cr 2 , which in turn can react with the liquid to form Al 45 Cr 7 by a peritectic reaction. The solid solubility of Cr in Al is limited, only 0.7 wt% at 661.5°C, decreasing to 0.03 wt% at 350°C [4] .
On the nature of the invariant reaction between the liquid, the fcc-Al phase and Al 45 Cr 7 , there is a long-lasting controversy: the fcc-Al phase was considered to form with a peritectic reaction by Fink and Freche (1933) [8] , Bradley et al. (1937) [9] , Harding and Raynor (1952) [5] , Zoller (1960) [10] and Murray (1998) [4] , while Goto and Dogane (1927) [11] , Neto et al. (1992) [12] , Mahdouk and Gachon (2000) [3] , Du et al. (2005) [13] , Okamoto (2008) [14] , Grushko et al. (2008) [2] and Almeida and Vilar (2010) [15] proposed a eutectic reaction.
Phase diagrams of Al binary alloys with transition metals demonstrate that Al-Ti and Al-V show a peritectic reaction, while Al-Mn, Al-Fe, Al-Co and Al-Ni exhibit a eutectic reaction on the Al-rich side [16] . Cr is at the point where the nature of the invariant reaction changes from peritectic to eutectic in the same row of the periodic table. The invariant reaction temperature is very close to the melting point of pure Al (660.452°C) and the small temperature difference reported in the previous studies shows significant discrepancies. In most of these studies, the nature of the reaction was identified by thermal analysis of Al-Cr alloys and the invariant reaction temperature was determined during heating. However, trace impurities present in the alloys, contamination from the environment during their preparation and the accuracy of the temperature measurement bring uncertainties that do not allow an unambiguous identification of this reaction.
Two recent studies have been performed to just define the reaction type between fcc-Al, Al 45 Cr 7 and the liquid. Du et al. [13] have carried out DSC experiments of Al-Cr samples at heating rates of 2, 5 and 10 K/min. They have prepared their samples by arc melting from 5N purity elements under carefully controlled Ar atmosphere. The alloys were subsequently annealed at 630°C for 31 days under vacuum in quartz tubes and then quenched in water. Unfortunately, the authors did not perform a detailed compositional analysis on DSC samples after such a long annealing at such a high temperature and therefore the exact impurity levels in their alloys is not known. These authors demonstrated that the invariant reaction occurred 0.7°C below the melting temperature of pure Al by extrapolating the onset temperature of fcc-Al melting for different heating rates, thus indicating a eutectic reaction.
Almeida and Vilar [15] have also proposed a eutectic reaction from microstructural observations of Al-Cr alloys prepared by laser alloying and subsequent laser melting. As mentioned earlier, the difference between the invariant reaction temperature and the melting point of pure Al is very small so that the determination of the reaction type based on temperature measurements is very delicate. For example, iron is one of the main impurities in both Al and Cr, and the presence of Fe impurities in Al-Cr alloys decreases the onset temperature of the fcc-Al melting due to eutectic reaction between Al and Fe [17] . The determination of the onset temperature of fcc-Al melting on thermal curves upon heating can be significantly affected by the impurity levels [18, 19] . On the other hand, the morphology of a solidified microstructure can be misleading and does not give a direct indication of the reaction type. For low and moderate solidification rates, a eutectic morphology generally solidifies as lamellae or fibers growing in a coupled mode perpendicular to the solidification front, whereas the peritectic alloy forms a primary phase surrounded by the peritectic phase (peritectic reaction and transformation). The microstructure therefore reflects the nature of the reaction, but this can be often insufficient and inconclusive. Peritectic phase can sometimes grow side by side with the primary phase giving the appearance of a coupled growth similar to coupled eutectics. This has been demonstrated over the past 20 years in Fe-Ni [20] , Al-Ni [21] and Cu-Sn [22, 23] at very low speed. In the case of Almeida and Vilar experiment [15] , the microstructure might still look like a eutectic, since at high speed (20 mm/s) the microstructure becomes very fine with the primary phase being surrounded by peritectic one, as can be also seen in Al-Ti alloys [24] .
Theory
In the present study, planar front growth solidification experiments were used to determine the type of invariant on the Al-rich side of the Al-Cr system. In such experiments, a binary alloy of nominal composition C 0 is solidified with a planar interface in a linear temperature gradient, G, and at constant pulling velocity v p . Neglecting the nucleation stage, the first solid forms with a solute composition kC 0 , where k is the partition coefficient defined as
are the equilibrium compositions of the solid and liquid, respectively. During growth, the solute balance at the interface leads to a depletion of solute elements in the liquid ahead of the interface if the slope of the liquidus is positive, which is the case of peritectic alloys, i.e., k > 1 ( Fig. 1(a) and (b) ), or on the opposite to a solute enrichment of the interfacial liquid if the slope of the liquidus is negative, which is the case of eutectic alloys, i.e., k < 1 ( Fig. 1(c) 
and (d)).
A diffusion boundary layer ahead of the solid-liquid interface builds up during an initial transient until steady state is reached. During this transient, the interfacial composition of the solid varies from kC 0 to C 0 , while that of the liquid changes from C 0 to C 0 =k . At steady state, the temperature of the solid-liquid is equal to that of the solidus and the actual velocity of the interface, v Ã , is equal to the pulling velocity v p . The steady-state solute profile in the liquid C ' ðzÞ is then given by: 
where DC 0 ¼ C 0 ð1=k À 1Þ is the difference in composition between the liquid and solid phases at the interface, i.e., the difference of composition of the liquidus and solidus at the solidus temperature. If k > 1 (peritectic-type alloy), the gradient is positive, while if k < 1 (eutectic-type alloy), it is negative. During directional solidification of an alloy in a Bridgman furnace, a planar solid-liquid interface can be maintained only if the solidification speed is small enough. The stability of a planar interface was discussed by Tiller et al. [25] , in terms of the now well-known ''constitutional supercooling'' criterion which is illustrated in Fig. 1(e . For a linearized phase diagram with a constant liquidus slope, m ' , the stability condition for steady-state planar front solidification is given by:
where DT 0 ¼ Àm ' DC 0 is the equilibrium solidification interval of the alloy.
A critical velocity v c for stable planar growth can be deduced by the limit of constitutional supercooling, i.e., 
Materials and methods
In this study, an Al-0.08 wt%Cr alloy with a low Cr content to avoid intermetallic formation was prepared in an induction furnace under Ar atmosphere from high purity Al (99.99 wt%) and Cr powder (99.5 wt%). It was then solidified in a Bridgman furnace under high thermal gradient, the details of which can be found in Ref. [22] . It just recalled that the hot stage is made of an induction coil which heats up a molybdenum susceptor, itself heating the specimen contained in a ceramic crucible, while the cold stage is a liquid metal bath. The effect of natural solutal convection in the specimen was limited by using small capillary alumina tubes with an inner diameter of 1.2 mm (outer diameter 2 mm, length 140 mm). Filling liquid metal into the capillary without any discontinuity was achieved by using an infiltration method. The alumina capillary was inserted inside an Al alloy cylinder (internal diameter 2 mm, out diameter 4 mm), which was previously drilled by wire electrodischarge machining. Two centering BN rings were attached to the capillary tube as shown in Fig. 2 . The bottom of the capillary was closed with alumina paste. Another cylinder made of the same Al alloy was added on top of the capillary to provide enough material to fill the capillary at the center. The whole set-up was finally inserted in an alumina crucible (inner diameter 4 mm, outer diameter 7 mm and length 500 mm) and mounted in the Bridgman furnace.
After the sample was placed inside the furnace, the chamber and crucible were evacuated and purged with Ar gas three times. The susceptor was heated up to 900°C at a controlled rate and the sample was maintained at this temperature for 15 min. The molten alloy, which had flown over the tip of the capillary, was then pushed inside the capillary by blowing Ar gas into the crucible (pressure 3 bars). Once the capillary tube was infiltrated by the alloy, the crucible was lowered at 2 mm/min until it was immersed 20 mm into the liquid metal cooling bath. The whole system was equilibrated for 2 h and directional solidification was then performed for 1 h at a velocity vp < vc. At the end of solidification, a fast quench into the liquid metal bath ensured that the interface motion during quenching was negligible compared to the thickness of the solute boundary layer. Under such conditions, the liquid ahead of the planar interface solidified with a very fine microstructure. Composition profiles in the solid and quenched liquid were measured by an electron probe microanalyzer (EPMA). The composition measurements were averaged on a 500 lm line scan parallel to the quenched planar interface. While 10 points were measured in the solid on a line scan for each distance from the interface, the values of 30 point measurements were averaged in the quenched liquid. The standard deviation of Cr compositions for a line scan in the solid and quenched liquid was about 0.005 wt% Cr. (On a side note, the distance from the interface was not corrected with respect to the contraction of the alloy during the quench).
Using the constitutional undercooling criterion (Eq. 4) and the estimated data: D' ¼ 2 Â 10 À9 m 4. Results and discussion Fig. 3(a) shows the EPMA results for the Cr distribution in an Al-0.08 wt%Cr sample. The quenched liquid ahead of the steadystate front has a lower composition, thus indicating that k > 1 in Al-Cr, i.e., the slope of the liquidus m ' is positive. Please note that the solid-liquid interface position could only be determined by the abrupt drop of the Cr profile due to the low Cr content and, therefore, insufficient phase contrast in optical microscopy and SEM investigations. Chromium being depleted in the liquid ahead of the solid-liquid interface, this clearly shows that the invariant temperature is above the melting point of Al, i.e., the invariant is a peritectic. This method has the advantage that it does not depend on the delicate measurement of small temperature differences and gives an unambiguous demonstration of a peritectic reaction between liquid, fcc-Al and Al 45 Cr 7 . Shibata et al. [26] had also observed Cr depletion in the liquid ahead of the solid-liquid interface in planar growth solidification experiments of Al-0.2 wt%Cr alloys. This result is in contradiction with the two recent studies in the literature showing a eutectic reaction on the Al-rich side of the Al-Cr system [13, 15] . While the onset temperature of fcc-Al melting can be significantly affected by the impurity levels, impurities do not have such a dramatic effect on the nature of the reaction type. The interaction between the various solute elements for such a low concentration (about 100 ppm impurity in our alloys) is negligible.
The solid composition at the interface and liquid composition far from the interface are equal to the nominal composition of the alloy, indicating that steady state had been reached after 3600 s of solidification at constant pulling speed. Thus, Eq. (1) can be used to represent the liquid composition profile, and the plot of lnðC ' =zÞ À C 0 Þ vs. distance from the interface, z, gives a straight line with a slope equal to Àv p =D ' , as shown in Fig. 3(b) . Therefore, the diffusion coefficient of Cr in the liquid was deduced by a least squares method using these solute measurements up to 0. 4 [4] .
As a final remark, the peritectic nature of the invariant at low Cr-content in the Al-Cr system was confirmed by the solidification of Al-Zn-Cr alloys [27, 28] . Under much faster solidification conditions which produced dendrites, an Al-20 wt%Zn-0.02 wt%Cr alloy was solidified in a standard Bridgman furnace at v p ¼ 4 mm/min and with G ¼ 50 K/cm. After quenching to limit back-diffusion in the solid, the composition profile across two dendrite arms was measured. Fig. 4(b) shows such an EPMA composition profile. As can be seen, while the composition profiles for Al and Cr have a similar behavior, that of Zn has a reverse trend. The core of the dendrites is richer in Al and Cr as compared with the quenched interdendritic liquid (positions 1, 2, 3 indicated in Fig. 4 ). This shows that the partition coefficient of Zn in this alloy is smaller than 1, as expected from the well-known eutectic-type binary phase diagram of Al-Zn, while that of Cr is greater than 1, thus confirming the peritectic nature of this element in Al-Zn-Cr alloys.
Conclusion
As a conclusion, in the planar front solidification experiments of Al-Cr alloys, Cr depletion in the liquid ahead of the quenched interface proves unambiguously the peritectic reaction on the Al-rich side of the Al-Cr system. This contradicts the recent studies in which the nature of the reaction was identified by thermal analysis of Al-Cr alloys or deduced from the solidification morphologies. The diffusion coefficient of Cr in liquid Al, as well as its partition coefficient, have also been deduced from the solute distribution profile in the liquid and solute jump at the quenched planar interface.
